ABSTRACT: This study was conducted to investigate genetic influence on serum ghrelin and its relationship with adiposity-related phenotypes in Hispanic children (n ϭ 1030) from the Viva La Familia study (VFS). Anthropometric measurements and levels of serum ghrelin were estimated and genetic analyses conducted according to standard procedures. Mean age, body mass index (BMI), and serum ghrelin were 11 Ϯ 0.13 y, 25 Ϯ 0.24 kg/m 2 and 38 Ϯ 0.5 ng/mL, respectively. Significant heritabilities (p Ͻ 0.001) were obtained for BMI, weight, fat mass, percent fat, waist circumference, waist-to-height ratio, and ghrelin. Bivariate analyses of ghrelin with adiposity traits showed significant negative genetic correlations (p Ͻ 0.0001) with weight, BMI, fat mass, percent fat, waist circumference, and waist-to-height ratio. A genome-wide scan for ghrelin detected significant linkage on chromosome 1p36.2 between STR markers D1S2697 and D1S199 (LOD ϭ 3.2). The same region on chromosome 1 was the site of linkage for insulin (LOD ϭ 3.3), insulinlike growth factor binding protein 1 (IGFBP1) (LOD ϭ 3.4), homeostatic model assessment method (HOMA) (LOD ϭ 2.9), and C-peptide (LOD ϭ 2.0). Several family-based studies have reported linkages for obesity-related phenotypes in the region of 1p36. These results indicate the importance of this region in relation to adiposity in children from the VFS. O besity among children and adolescents is of great concern because accompanying adverse health consequences usually persist into adulthood. In the United States (US), there has been steady increase in past 20 y in the number of children who are overweight. The proportion of children in age group 6 -18 y who are overweight increased from 6% in 1976 -1980 to 16% in 1999 -2002 (1). These data reflect changing patterns in diet and lifestyle. A decrease in physical activity and shift in diet toward high-fat foods among children may be some of the contributing factors to obesity (2). In addition, disruption in energy balance (energy intake and expenditure or relevant metabolic pathways) can also result in obesity in both children and adults (3).
O besity among children and adolescents is of great concern because accompanying adverse health consequences usually persist into adulthood. In the United States (US), there has been steady increase in past 20 y in the number of children who are overweight. The proportion of children in age group 6 -18 y who are overweight increased from 6% in 1976 -1980 to 16% in 1999 -2002 (1) . These data reflect changing patterns in diet and lifestyle. A decrease in physical activity and shift in diet toward high-fat foods among children may be some of the contributing factors to obesity (2) . In addition, disruption in energy balance (energy intake and expenditure or relevant metabolic pathways) can also result in obesity in both children and adults (3) .
A key player in the regulation of energy homeostasis is the central nervous system (CNS), which controls food intake with the help of information received from distinct metabolic, hormonal, and neural signals (4) . Ghrelin, a gastrointestinal hormone, is one such signal that is secreted by X/A-like cells in the fundus portion of the stomach and acts through its receptors situated on neurons in the arcuate nucleus of the hypothalamus (5) . Circulating levels of ghrelin are at their highest before a meal and drop to their lowest after a meal (6) , making it a possible signal for a low-energy state (7) .
Several human and animal studies have shown circulating ghrelin to be inversely related to body weight, BMI, waist circumference, serum insulin, and insulin resistance (8, 9) . Similar results have been reported in studies conducted with children (10, 11) . However, few studies have shown the genetic influence on circulating ghrelin, particularly in children. A small number of studies have identified genetic variants in the ghrelin gene in children. The effects of these variants on energy balance or weight regulation are, however, not yet clear as these studies have produced contradictory results (12, 13) . Therefore, this study was conducted to estimate the genetic influence on serum ghrelin and to investigate the genetic correlations between ghrelin and other obesity-related phenotypes in Hispanic children.
METHODS
Study design. Data for this study were obtained from children participating in the VFS (14) . Participants (n ϭ 1030) in this study were taken from 319 Hispanic families residing in and around Houston, TX. The VFS was designed to characterize and identify genes influencing variation in obesityrelated phenotypes in Hispanic children. To participate in this study, a proband was required to be overweight (Ͼ95 percentile for BMI and Ͼ85 percentile for fat mass) and between ages 4 and 19 y. In addition, only those families who had three or more children in the age group 4 -19 y were recruited. Information regarding pedigree structure, sociodemographics, and anthropometrics was obtained. All participants underwent physical examination, and blood samples were taken after a 12-h overnight fast. Serum was extracted and stored in aliquots at Ϫ80°C for clinical chemistries and endo-crine assays. Genotyping was conducted with DNA derived from lymphocytes. Informed consent was obtained from all participants in this study, which was approved by the Institutional Review Board for Human Subject Research for Baylor College of Medicine and Affiliated Hospitals and for the Southwest Foundation for Biomedical Research.
Phenotyping. Anthropometric measurements included height, weight, waist circumference, and BMI. Weight for the children was measured twice by a trained nurse using a Healthometer electronic scale (Bridgeview, IL). Standing height was measured twice to the nearest 0.1 cm using a SECA wall-mounted stadiometer (Holtain Limited, Crymych, UK). The waist circumference was measured twice, in millimeters, midway between the inferior border of the rib cage and the superior border of the iliac crest. The hip circumference was also measured twice, in millimeters, at the level of the trochanter. The average of the two measurements for each variable was then used in the analyses. BMI was calculated by dividing weight (kilograms) by height (meters squared). Children with BMI Ͼ95 percentile (15) and fat mass Ͼ85th percentile (16) were considered overweight. Body composition (fat mass and fat-free mass) was estimated by dual-energy x-ray absorptiometry (DEXA) using a Hologic Delphi A whole-body scanner (Delphi A, Hologic Inc., Waltham, MA). Commercial radioimmunoassay (RIA) kits were used to measure fasting serum insulin and leptin (Linco Research Inc., St. Charles, MO) and total ghrelin (Phoenix Pharmaceuticals Inc., Belmont, CA). Free and bound IGF1 and IGF binding proteins 1 and 3 (IGFBP1, IGFBP3) were determined using enzyme-linked immunosorbent assay (ELISA) kits (Diagnostic Systems Laboratory, Webster, TX). Fasting glucose was measured by enzymatic-colorimetric techniques using the GM7 analyzer (Analox Instruments, Lunenburg, MA) and Microquant Platereader (Biotek Instruments, Winooski, VT). Homeostatic model assessment method (HOMA) was used to estimate insulin resistance (17) , which is computed as HOMA ϭ [serum insulin (mU/mL) * serum glucose (mmol/L)]/22.5.
Genotyping. DNA was prepared from 10 mL whole blood using a Genomic DNA purification kit (Promega, Madison, WI). All participants were genotyped for short tandem repeats (STRs) that were spaced at an average interval of 10 cM (range, 2.4 -24.1). Autosomal markers from the ABI PRISM Linkage Mapping Set-MD-10 version 2.5 (Applied Biosystems, Foster City, CA) were used. Each marker was amplified in a separate polymerase chain reaction (PCR) using fluorescently labeled primers and then the PCR product was pooled with others using Robbins Hydra-384 microdispenser, where a standard was added to each pool. The STRs were quantified by fluorescent emissions by comparison with the standard and the scoring of genotypes was performed using the Genotyper software package (Applied Biosystems).
Pedigree and mendelian errors were detected using software PREST (pedigree relationship statistical tests) (18) and SIMWALK2 (19) , respectively. Multipoint identity-by-descent matrices for genome-wide linkage analyses were calculated using a linkage analysis package (LOKI) (20) . The chromosomal map used in these computations was developed based on marker locations reported by DeCode genetics (21) .
Statistical analyses. Variance components decomposition method was used to estimate heritability and identify the chromosomal location(s) affecting variation in serum ghrelin levels. This method is implemented in software program sequential oligogenic linkage analysis routines (SOLAR) (22) . To estimate the genetic component in the variation of serum ghrelin, first its heritability was estimated. To find a putative quantitative trait locus (QTL) or loci (QTLs) that might be affecting the serum levels of ghrelin, a multipoint linkage analysis was conducted. This method has been described in detail elsewhere (22) (23) (24) . In short, this analysis is an extension of the variance components approach in which a QTL component is added to the basic model. The phenotypic correlations between family members can be modeled as the cumulative effect of identity by descent (IBD) shared by family members at a specific QTL associated with a marker, residual genetic and environmental effects.
In addition, a variance components approach, implemented in SOLAR, was used to estimate genetic correlations between serum ghrelin and other traits (25) . The phenotypic correlation between serum ghrelin and other traits can be explained in terms of its genetic and environmental correlation components.
h 1 2 and h 2 2 are the heritabilities of the two phenotypes being studied, and
G and E are the additive genetic and environmental correlations between the traits, respectively. A variance components approach for modeling a bivariate trait was used to estimate genetic correlations between serum ghrelin and other traits. A bivariate trait is simply one that is composed of two constituent traits that are assumed to be jointly multivariately normal in distribution. Thus, the bivariate variance components model can be thought of as a model that incorporates what would be the regular variance components model per constituent trait of the overall bivariate trait and a component for the covariance between the constituent traits. The covariance between constituent traits can be reparameterized as a product of the constituent trait SDs and their correlation (25) (26) (27) .
A model in which all the parameters are estimated is compared with a model in which the genetic correlation is constrained to zero. This is known as a likelihood ratio test (LRT), and the resultant LRT statistic in this particular case was distributed asymptotically as a ½:½ mixture of a 2 variable with 1 df and a point mass at zero (28) . If the result of this statistical test is significant, then we infer that the traits share effects of a common set of genes.
The extent of shared genetic effects is verified by a second statistical test that compares the model in which all the parameters are estimated with one in which the genetic correlation is constrained to one. The basic premise of this model is that if the genetic correlation equals 1, then it can be said that genes controlling expression of two traits completely overlap with each other. However, if the genetic correlation is significantly different from 1, then the extent to which there is overlap is given by the estimate of the genetic correlation coefficient. Thus, the null hypothesis states that there is complete pleiotropy, whereas the alternative hypothesis states that there is incomplete pleiotropy in which the overlap of shared genes is not complete.
RESULTS
The total number of children participating in this study was 1030 (boys ϭ 510, girls ϭ 520). A detailed description of the numbers of relative pairs in this sample is given in Table 1 . The mean age and BMI were 11 Ϯ 0.13 y (range, 4 -19) and 25 Ϯ 0.24 kg/m 2 (range, 13-62), respectively. Their descriptive statistics are depicted in Table 2 . Mean Ϯ SEM ghrelin concentrations were 38 Ϯ 0.5 ng/mL (range, 6 -127 ng/mL), with no significant differences between boys and girls.
For heritability and linkage analysis of serum ghrelin, age, age 2 , sex, and the interaction between age, age 2 and sex were used as covariates. Heritability for serum ghrelin was 0.61 Ϯ 0.08. Table 2 and Table 3 display heritabilities of other adiposity-related traits measured and bivariate correlations between serum ghrelin and adiposity-related phenotypes, respectively. Significant genetic correlations ( G ) (p Ͻ 0.001) were demonstrated between ghrelin and weight (Ϫ0.48), BMI (Ϫ0.53), percent fat (Ϫ0.45), fat mass (Ϫ0.50), waist circumference (Ϫ0.54), and waist-to-height ratio (Ϫ0.52). Significant genetic correlations ( G ) (p Ͻ 0.01) were also found between ghrelin and insulin (Ϫ0.40), C-peptide (Ϫ0.43), HOMA (Ϫ0.40), IGFBP1 (Ϫ0.44), and IGFBP3 (0.15). Figure 1 depicts the genome-wide scan LOD score plot obtained in linkage analyses for serum ghrelin. The highest multipoint LOD score of 3.2 (p ϭ 0.00006) was found between STR markers D1S2697 and D1S199 on the terminal end of the short arm of chromosome 1 on p36.2 (Fig. 2) . The 1-LOD support interval spans about 20 cM (20 -40 cM) on chromosome 1. Genome scan for serum ghrelin also revealed (Fig. 3) on chromosome 1. However, other adiposity measures such as weight (LOD ϭ 1.7), waist-to-height ratio (LOD ϭ 1.5), BMI (LOD ϭ 1.3), fat mass (LOD ϭ 0.9), and waist circumference (LOD ϭ 0.5) did not show evidence of linkage to 1p36.2.
DISCUSSION
This study was aimed at investigating the genetic influence on the variation in serum ghrelin in children and adolescents. Given the problem of obesity in the US, particularly in children, understanding the influence of genes on the regulation of energy is essential. One of the hormones that play a major role in energy intake is ghrelin. Here, we demonstrate a substantial genetic component in the variation in serum ghrelin and evidence of a strong linkage signal for serum ghrelin in the region of 1p36. Identification of a QTL influencing variation in serum ghrelin in this region is promising as this region encodes obesity-related candidate genes such as tumor necrosis factor ␣ receptor 2 (TNFR2), also known as tumor necrosis factor receptor subfamily, member 1B (TNFRSF1B) (29) and mitofusin 2 (MFN2) (30) . Flanking to the left side of our 1-LOD support interval is the mammalian target of rapamycin (mTOR) gene, an important player in energy regulation (31) .
The TNFR2 gene encodes for the main TNF receptor that is found on circulating T cells. This receptor seems to be a major mediator of autoregulatory apoptosis in CD8 ϩ cells (29) . 
GENETICS OF GHRELIN IN HISPANIC CHILDREN
Polymorphisms in TNFR2 have been associated with obesity and insulin resistance (32) . Mitofusins, particularly MFN2, are known to mediate the fusion of mitochondria and thereby maintain a balance in mitochondrion morphology. Bach et al. (33) found that obesity was associated with reduced MFN2 expression in both rats and humans. The mTOR protein, a serine-threonine kinase, acts as a fuel sensor in the regulation of protein synthesis and cell growth. Changes in body energy are synergistically modulated with changes in mTOR signaling, with lower energy stores enhancing mTOR signaling and vice versa (34) . In this study, in addition to ghrelin, significant linkages for serum insulin and IGFBP1 and suggestive linkages for HOMA and C-peptide were found in the same chromosomal region. The chromosomal region 1p36 has also been associated with obesity-related traits in previously reported linkage studies. Both Deng et al. (35) and their follow-up study (36) found variation in BMI to be linked to a locus on 1p36. A study conducted to examine the gene profiling of human visceral adipose tissue found the chromosomal region 1p36.2-1p36.3 to be associated with this tissue (37) . In another study of Mexican-Americans, Cai et al. (38) found linkage for body size-adiposity factor in this region of 1p36.2. Similarly, Pausava et al. (39) found that this region was associated with obesity and obesity-associated hypertension in a French-Canadian population, strengthening the possibility of this region regulating several obesity-related traits. In a study conducted by Gorlova et al. (40) , evidence of linkage for BMI was found in this region of 1p36 in children and young adults.
To explore the relationship of ghrelin with insulin, leptin, and other adiposity-related measures, we conducted bivariate analyses. A significant genetic correlation ( G ) implies that the two traits share common genetics effects. Two hypotheses were tested in this study; one that stated that there were no shared genetic effects between the two given traits ( G ϭ 0) and the other that there was a complete overlap of the genes that control the expression of the two given traits ( G ϭ 1). Both hypotheses were rejected for all traits, except IGF1. This means that ghrelin shares common genetic effects with other adiposity-related traits but is in incomplete pleiotropy (same set of genes controlling the expression of both traits) with these traits.
To the best of our knowledge, no studies have looked at the genetic correlations between these phenotypes in children. Therefore, we estimated genetic as well as overall phenotypic correlations between these phenotypes. Negative correlations between ghrelin and adiposity-related phenotypes shown in this study have been reported earlier by other studies in children. Serum ghrelin levels have been inversely related to BMI, weight, percentage of body fat, waist circumference, waist-to-hip ratio, and insulin concentrations in normal weight children (12, (41) (42) (43) (44) . We found negative correlations between ghrelin and HOMA, which supports the concept of low ghrelin levels in insulin resistance. The same finding was reported earlier in a study conducted in obese children and adolescents (10) . Similarly, a significant negative correlation was observed between ghrelin and leptin, which has earlier been reported in children (11) and adults (45) . However, other studies involving obese children (10) and children with Prader-Willi syndrome (41) did not show significant correlation between these two traits.
In addition, we examined the relationship between ghrelin and IGF1 (free and bound), IGFBP1, and IGFBP3. IGF1 is a polypeptide that is involved in several biochemical pathways related to cell growth, development, and insulin and glucose metabolism (46, 47) . Circulating IGF1 is bound to their binding proteins IGFBPs, of which 90% of the IGF1 is bound by IGFBP3 (48) . Besides carrying circulating IGFs, IGFBPs play an important role in regulating IGF's interaction with its receptors (48) . Whatmore et al. (42) found positive correlation of ghrelin with IGFBP1 and negative with IGFBP3. Similar results were reported by Bacha and Arslanian (43) . However, we found negative correlation between ghrelin and IGFBP1 and positive correlation between ghrelin and IGFBP3. This difference may be attributed to the fact that these studies were 448 conducted in normal weight children, whereas our study included normal and overweight children. We found no significant association between IGF1 and ghrelin. Previously, studies in children have shown negative association between ghrelin and IGF1 (42, 49) . However, studies in adults have shown conflicting reports with no significant relationship between ghrelin and IGF1 (50, 51) , a positive correlation between the two (52), and a negative correlation between the two (52) . This disparity may be due to the effect of obesity and insulin resistance on the relationship between ghrelin and IGF1 (53) .
In summary, we found significant genetic influence on the variation in serum ghrelin in Hispanic children and a strong linkage signal on chromosome 1p36 that is affecting this variation. The region of chromosome 1p36 coincides with the location of obesity-related candidate genes and thus seems to be an important region in relation to energy homeostasis and adiposity.
